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(57) ABSTRACT

A vertical power transistor is monolithically packaged on a
semiconductor die with gate buffer circuitry. The gate buffer
circuitry is adapted to deliver a biasing voltage to a gate
contact of the vertical power transistor for switching the
device between an ON state and an OFF state. By monolithi-
cally packaging the gate buffer circuitry together with the
vertical power transistor, parasitic inductance between the
gate buffer circuitry and the gate of the vertical power tran-
sistor is minimized, thereby decreasing the switching time of
the vertical power transistor and reducing switching noise.
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FIG. 1

(RELATED ART)
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FIG. 2

(RELATED ART)
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1
VERTICAL POWER TRANSISTOR WITH
BUILT-IN GATE BUFFER

GOVERNMENT SUPPORT

This invention was made with government funds under
contract number DE-AR0000111 awarded by DOE/ARPA-
E. The U.S. Government has rights in this invention.

FIELD OF THE DISCLOSURE

The present disclosure relates to power transistor devices.
Specifically, the present disclosure relates to vertical power
transistor devices with integrated gate buffer circuitry.

BACKGROUND

A vertical transistor is a type of transistor that is adapted for
use in high power applications. An exemplary vertical tran-
sistor device is a vertical power metal-oxide field effect tran-
sistor (MOSFET), wherein a source and gate contact are
located on a first surface of the vertical MOSFET device that
is separated from a drain contact by a drift layer formed on a
substrate. Vertical MOSFETs are sometimes referred to as
vertical difftused MOSFETs (VDMOSFETs) or double-dif-
fused MOSFETs (DMOSFETs). Due to their vertical struc-
ture, the voltage rating of a power MOSFET is a function of
the doping concentration and thickness of the drift layer.
Accordingly, high voltage power MOSFETs may be achieved
with a relatively small footprint.

FIG. 1 shows an exemplary vertical power transistor 10.
The power transistor 10 includes a substrate 12, a drift layer
14 formed over the substrate 12, one or more junction
implants 16 in the surface of the drift layer 14 opposite the
substrate 12, and a junction gate field effect transistor (JFET)
region 18 between each one of the junction implants 16. Each
one of the junction implants 16 is formed by an ion implan-
tation process, and includes a deep well region 20, a base
region 22, and a source region 24. Each deep well region 20
extends from a corner of the drift layer 14 opposite the sub-
strate 12 downwards towards the substrate 12 and inwards
towards the center of the drift layer 14. The deep well region
20 may be formed uniformly or include one or more protrud-
ing regions. Each base region 22 is formed vertically from the
surface of the drift layer 14 opposite the substrate 12 down
towards the substrate 12 along a portion of the inner edge of
each one of the deep well regions 20. Each source region 24
is formed in a shallow portion on the surface of the drift layer
14 opposite the substrate 12, and extends laterally to overlap
a portion of the deep well region 20 and the base region 22,
without extending over either. The JFET region 18 defines a
channel width 26 between each one of the junction implants
16.

A gate oxide layer 28 is positioned on the surface of the
drift layer 14 opposite the substrate 12, and extends laterally
between a portion of the surface of each source region 24,
such that the gate oxide layer 28 partially overlaps and runs
between the surface of each source region 24 in the junction
implants 16. A gate contact 30 is positioned on top of the gate
oxide layer 28. Two source contacts 32 are each positioned on
the surface of the drift layer 14 opposite the substrate 12 such
that each one of the source contacts 32 partially overlaps both
the source region 24 and the deep well region 20 of one of the
junction implants 16, respectively, and does not contact the
gate oxide layer 28 or the gate contact 30. A drain contact 34
is located on the surface of the substrate 12 opposite the drift
layer.

10

15

20

25

30

35

40

45

50

55

60

65

2

In operation, when a biasing voltage below the threshold
voltage of the power transistor 10 is applied to the gate contact
30, ajunction between each deep well region 20 and the drift
layer 14 is reverse biased, thereby placing the power transis-
tor 10 in an OFF state. In the OFF state of the power transistor
10, any voltage between the source contacts 32 and the drain
contact 34 is supported by the drift layer 14. Due to the
vertical structure of the power transistor 10, large voltages
may be placed between the source contacts 32 and the drain
contact 34 without damaging the device.

FIG. 2 shows operation of the power transistor 10 when the
device is in an ON state. When a positive biasing voltage is
applied to the gate contact 30 of the power transistor 10, an
inversion channel layer 36 is formed at the surface of the drift
layer 14 underneath the gate contact 30, thereby placing the
power transistor 10 in an ON state. In the ON state of the
power transistor 10, current (shown by the shaded region in
FIG. 2) s allowed to flow from each one of the source contacts
32 through the inversion channel layer 36 and into the JFET
region 18 of the drift layer 14. Once in the JFET region 18,
current flows downward through the drift layer 14 towards the
drain contact 34. An electric field presented by junctions
formed between the deep well region 20, the base region 22,
and the drift layer 14 constricts current flow in the JFET
region 18 into a JFET channel 38. At a certain distance from
the inversion channel layer 36 when the electric field pre-
sented by the junction implants 16 is diminished, the flow of
current is disturbed laterally, or spread out in the drift layer
14, as shown in FIG. 2, before reaching the drain contact 34.

When switching between the OFF state and the ON state,
the power transistor 10 may require a large input current at the
gate contact 30, which generally cannot be provided by a
standard control signal. Accordingly, gate buffer circuitry is
coupled to the gate contact 30 of the power transistor 10 in
order to deliver the necessary current to operate the device.
The gate buffer circuitry is adapted to accept a low-current
control signal and deliver a high-current output signal for
driving the gate contact 30 of the power transistor 10.

FIG. 3 shows the power transistor 10 coupled to conven-
tional gate buffer circuitry 40 for switching the power tran-
sistor 10 between an OFF state and an ON state. The conven-
tional gate buffer circuitry 40 is constructed on a
semiconductor die that is discrete and separate from the die on
which the power transistor 10 is formed. The conventional
gate buffer circuitry 40 includes a first PMOS transistor
device 42 and a second NMOS transistor device 44 sur-
rounded by a gate buffer substrate 46. The first PMOS tran-
sistor device 42 includes a body region 48 that surrounds a
first implant well 50 and a second implant well 52, such that
the first implant well 50 and the second implant well 52 are
laterally separated within the body region. A gate oxide layer
54 is located on the surface of the body region 48, such that the
gate oxide layer 54 partially overlaps and runs between the
first implant well 50 and the second implant well 52. A gate
contact 56 is located on top of the gate oxide layer 54. A
source contact 58 is located on the surface of the second
implant well 52, and a drain contact 60 is located on a surface
of the second implant well 50, such that neither the source
contact 58 nor the drain contact 60 contact the gate oxide
layer 54 or the gate contact 56.

The second NMOS transistor 44 is also located in the gate
buffer substrate 46, and includes a first implant well 62 and a
second implant well 64. A gate oxide layer 66 is located on the
surface of the gate buffer substrate 46, such that the gate oxide
layer 66 partially overlaps and runs between the first implant
well 62 and the second implant well 64. A gate contact 68 is
located on top of the gate oxide layer 66. A source contact 70
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is located on the surface of the first implant well 62, and a
drain contact 72 is located on the surface of the second
implant well 64, such that the source contact 70 and the drain
contact 72 do not contact the gate oxide layer 66 or the gate
contact 68.

The gate contact 56 of the first PMOS transistor device 42
is coupled to an input node 74. The source contact 58 of the
first PMOS transistor device 42 is coupled to a supply voltage
VDD. The drain contact 60 of the first PMOS transistor
device 42 is coupled to an output node 76. The gate contact 68
of the second NMOS transistor device 44 is coupled to the
input node 74. The source contact 70 of the second NMOS
transistor device 44 is coupled to ground. The drain contact 72
of the second NMOS transistor device 44 is coupled to the
output node 76. The gate contact 30 of the power transistor 10
is coupled to the output node 76 of the conventional gate
buffer circuitry 40 via a wire bond 78 or a similar connection.

FIG. 4 shows a circuit diagram illustrating the equivalent
circuit for the power transistor 10 and the conventional gate
buffer circuitry 40 shown in FIG. 3. As described above, the
first PMOS transistor device 42 includes a source contact 58
coupled to a supply voltage VDD, a drain contact 60 coupled
to an output node 76, and a gate contact 56 coupled to an input
node 74. The second NMOS transistor device 44 includes a
drain contact 72 coupled to the output node 76, a source
contact 70 coupled to ground, and a gate contact 68 coupled
to the input node 74. The gate contact 30 of the power tran-
sistor 10 is coupled to the output node 76 of the conventional
gate buffer circuitry 40. The drain contact 34 of the power
transistor 10 may be used as a switching input, and the source
contact 32 of the power transistor 10 may be used as a switch-
ing output.

In operation, when a control voltage VIN below the thresh-
old voltage of the second NMOS transistor device 44 is
applied to the input node 74 of the conventional gate buffer
circuitry 40, the first PMOS transistor device 42 is placed in
an ON state of operation, while the second NMOS transistor
device 44 is placed in an OFF state of operation. Accordingly,
the supply voltage VDD is delivered to the gate contact 30 of
the power transistor 10, thereby placing the power transistor
10 in an ON state of operation. In the ON state of operation of
the power transistor 10, a signal placed at the source contacts
32 of the power transistor 10 is delivered to the drain contact
34.

When a control voltage VIN higher than the supply voltage
VDD less the threshold voltage of the first PMOS transistor
device 42 is applied to the input node 74 of the conventional
gate buffer circuitry 40, the first PMOS transistor device 42 is
placed in an OFF state of operation, while the second NMOS
transistor device 44 is placed in an ON state of operation.
Accordingly, the gate contact 30 of the power transistor 10 is
grounded, thereby placing the power transistor 10 in an OFF
state of operation. In the OFF state of operation of the power
transistor 10, a signal placed at the source contacts 32 of the
power transistor 10 is not delivered to the drain contact 34.

Because the power transistor 10 is discrete and separate
from the conventional gate buffer circuitry 40, the wire bond
78 used to couple the power transistor 10 to the conventional
gate buffer circuitry 40 must be of significant length. Due to
the length of the wire bond 78, parasitic inductance is intro-
duced between the output node 76 of the conventional gate
buffer circuitry 40 and the gate contact 30 of the power
transistor 10. The parasitic inductance causes distortion in the
output signal of the power transistor 10 and reduces the
switching speed of the device.

Accordingly, there is a need for gate buffer circuitry that is
capable of delivering the necessary current for operation of a
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power transistor device while reducing distortion in the out-
put signal of the power transistor and reducing switching
times.

SUMMARY

A vertical power transistor is monolithically packaged on a
semiconductor die with gate buffer circuitry. The gate buffer
circuitry is adapted to selectively deliver a biasing signal to a
gate contact of the vertical power transistor for switching the
device between an ON state and an OFF state based on a
received control signal. By monolithically packaging the gate
buffer circuitry together with the vertical power transistor on
the same die, parasitic inductance between the gate buffer
circuitry and the gate of the vertical power transistor is mini-
mized, thereby decreasing the switching time of the vertical
power transistor and reducing switching noise.

According to one embodiment, the gate buffer circuitry
comprises a first NMOS transistor device and a second
NMOS transistor device. The first NMOS transistor device
includes a drain contact coupled to a supply voltage, a source
contact coupled to an output node, and a gate contact coupled
to an input node. The second NMOS device includes a drain
contact coupled to the output node, a source contact coupled
to ground, and a gate contact coupled to the input node. The
gate contact of the vertical power transistor is coupled to the
gate buffer circuitry at the output node. The first NMOS
transistor device and the second NMOS transistor device are
laterally disposed in an implanted P-well adjacent to the
vertical power transistor.

According to one embodiment, the gate buffer circuitry
comprises a first PMOS transistor device and a second NMOS
transistor device. The first PMOS transistor device includes a
source contact coupled to a supply voltage, a drain contact
coupled to an output node, and a gate contact coupled to an
input node. The second NMOS device includes a drain con-
tact coupled to the output node, a source contact coupled to
ground, and a gate contact coupled to the input node. The gate
contact of the vertical power transistor is coupled to the gate
buffer circuitry at the output node. The first PMOS transistor
and the second NMOS transistor are laterally disposed in an
implanted P-well adjacent to the vertical power transistor.

According to one embodiment, the first PMOS transistor
device is enclosed in a silicon-carbide epitaxial layer grown
on top of the implanted P-well.

According to an additional embodiment, the first PMOS
transistor is a silicon-on-insulator (SOI) device on top of the
implanted P-well.

Those skilled in the art will appreciate the scope of the
present disclosure and realize additional aspects thereof after
reading the following detailed description of the preferred
embodiments in association with the accompanying drawing
figures.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

The accompanying drawing figures incorporated in and
forming a part of this specification illustrate several aspects of
the disclosure, and together with the description serve to
explain the principles of the disclosure.

FIG. 1 is a schematic representation of a vertical power
transistor device.

FIG. 2 illustrates the operation of the power transistor
shown in FIG. 1 when the power MOSFET is in an ON state.
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FIG. 3 is a schematic representation of the power transistor
shown in FIG. 1 connected to conventional gate buffer cir-
cuitry.

FIG. 4 is a schematic representation of the equivalent cir-
cuitry for the power transistor and the conventional gate
buffer circuitry shown in FIG. 3.

FIG. 5 is a schematic representation of a vertical power
transistor including integrated gate buffer circuitry.

FIG. 6 is a schematic representation of an additional
embodiment of the vertical power transistor including inte-
grated gate buffer circuitry.

FIG. 7 is a schematic representation of an additional
embodiment of the vertical power transistor including inte-
grated gate buffer circuitry.

DETAILED DESCRIPTION

The embodiments set forth below represent the necessary
information to enable those skilled in the art to practice the
embodiments and illustrate the best mode of practicing the
embodiments. Upon reading the following description in
light of the accompanying drawing figures, those skilled in
the art will understand the concepts of the disclosure and will
recognize applications of these concepts not particularly
addressed herein. It should be understood that these concepts
and applications fall within the scope of the disclosure and the
accompanying claims.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first ele-
ment, without departing from the scope of the present disclo-
sure. As used herein, the term “and/or” includes any and all
combinations of one or more of the associated listed items.

It will be understood that when an element such as a layer,
region, or substrate is referred to as being “on” or extending
“onto” another element, it can be directly on or extend
directly onto the other element or intervening elements may
also be present. In contrast, when an element is referred to as
being “directly on” or extending “directly onto” another ele-
ment, there are no intervening elements present. Likewise, it
will be understood that when an element such as a layer,
region, or substrate is referred to as being “over” or extending
“over” another element, it can be directly over or extend
directly over the other element or intervening elements may
also be present. In contrast, when an element is referred to as
being “directly over” or extending “directly over” another
element, there are no intervening elements present. It will also
be understood that when an element is referred to as being
“connected” or “coupled” to another element, it can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present.

Relative terms such as “below” or “above” or “upper” or
“lower” or “horizontal” or “vertical” may be used herein to
describe a relationship of one element, layer, or region to
another element, layer, or region as illustrated in the Figures.
It will be understood that these terms and those discussed
above are intended to encompass different orientations of the
device in addition to the orientation depicted in the Figures.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the disclosure. As used herein, the singular forms
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a,” “an,” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises,” “comprising,”
“includes,” and/or “including” when used herein specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this disclosure belongs. It will be further understood
that terms used herein should be interpreted as having a
meaning that is consistent with their meaning in the context of
this specification and the relevant art and will not be inter-
preted in an idealized or overly formal sense unless expressly
so defined herein.

Turning now to FIG. 5, a power transistor 80 is shown
including integrated gate buffer circuitry 82 according to one
embodiment of the present disclosure. The power transistor
80 includes a substrate 84, a drift layer 86 formed over the
substrate 84, one or more junction implants 88 in the surface
of' the drift layer 86 opposite the substrate 84, and a junction
field effect transistor (JFET) region 90 between each one of
the junction implants 88. Each one of the junction implants 88
includes a deep well region 92, a base region 94, and a source
region 96. Each deep well region 92 extends from a corner of
the drift layer 86 opposite the substrate 84 downwards
towards the substrate 84 and inwards towards the center ofthe
drift layer 86. The deep well region 92 may be formed uni-
formly or include one or more protruding regions. Each base
region 94 is formed vertically from the surface of the drift
layer 86 opposite the substrate 84 down towards the substrate
84 along a portion of the inner edge of each one of the deep
well regions 92. Each source region 96 is formed in a shallow
portion on the surface of the drift layer 86 opposite the sub-
strate 84, and extends laterally to overlap a portion of the deep
well region 92 and the base region 94 without extending over
either. The JFET region 90 defines a channel width 98
between each one of the junction implants 88.

A gate oxide layer 100 is positioned on the surface of the
drift layer 86 opposite the substrate 84, and extends laterally
between a portion of each source region 96, such that the gate
oxide layer 100 partially overlaps and runs between the sur-
face of each source region 96 in the junction implants 88. A
gate contact 102 is positioned on top of the gate oxide layer
100. Two source contacts 104 are each positioned on the
surface of the drift layer 86 opposite the substrate 84 such that
each one of the source contacts 104 partially overlaps both the
source region 96 and the deep well region 92 of one of the
junction implants 88, respectively, and does not contact the
gate oxide layer 100 or the gate contact 102. A drain contact
106 is located on the surface of the substrate 84 opposite the
drift layer 86.

According to one embodiment, the power transistor 80 is a
metal-oxide semiconductor field effect transistor (MOS-
FET). Those of ordinary skill in the art will appreciate that the
concepts of the present disclosure may be applied to any
vertical transistor device, including a vertical field effect tran-
sistor (FET), high electron mobility transistor (HEMT), or the
like.

According to one embodiment, the power transistor 80 is a
silicon carbide (SiC) device. Those of ordinary skill in the art
will appreciate that the concepts of the present disclosure may
be applied to any materials system. The substrate 84 of the
power transistor 80 may be about 50-400 microns thick. The
drift layer 86 may be about 5-120 microns thick. Each one of
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the junction implants 88 may be about 0.2-2.0 microns thick.
The JFET region 90 may be about 0.2-2.0 microns thick.

According to one embodiment, the substrate 84 of the
power transistor 80 is an N-doped layer with a doping con-
centration from about 1x10'® cm™ to 1x10' cm=>. The drift
layer 86 may be an N-doped layer with a doping concentra-
tion from about 5x10'* cm™ to 1x10'” cm™. The deep well
region may be a heavily doped P-region with a doping con-
centration from about 1x10'” cm™ to 1x10?! cm™>. The base
region 94 may be a P-doped region with a doping concentra-
tion from about 1x10'% cm™ to 5x10'® cm™. The source
region 96 may be an N-doped region with a doping concen-
tration from about 5x10'® cm™ to 1x10** cm™>. The doping
agent may be nitrogen, phosphorous, or any other suitable
element, as will be appreciated by those of ordinary skill in
the art. The P doping agent may be aluminum, boron, or any
other suitable element, as will be appreciated by those of
ordinary skill in the art.

In operation, when a biasing voltage below the threshold
voltage of the power transistor 80 applied to the gate contact
102 and the drain contact 106 is positively biased, a junction
between each deep well region 92 and the drift layer 86 is
reverse biased, thereby placing the power transistor 80 in an
OFF state. In the OFF state of the power transistor 80, a signal
placed at the source contacts 104 of the power transistor 80 is
not passed to the drain contact 106 of the power transistor 80,
and is instead supported by the drift layer 86. Due to the
vertical structure of the power transistor 80, high amplitude
signals may be placed between the source contacts 104 and
the drain contact 106 without damaging the device. When a
biasing voltage above the threshold voltage of the power
transistor 80 is applied to the gate contact 102, the power
transistor 80 is placed in an ON state. In the ON state of the
power transistor 80, a signal placed at the source contacts 104
of'the power transistor 80 is passed to the drain contact 106 of
the power transistor 80 through the drift layer 86. When
switching the power transistor 80 from an OFF state to an ON
state, the gate contact 102 of the power transistor 80 may
demand a high amount of current. Accordingly, the integrated
gate buffer circuitry 82 is provided.

The integrated gate buffer circuitry 82 includes a gate
buffer well 108 in the surface of the drift layer 86 opposite the
substrate 84 that runs the length of the integrated gate buffer
circuitry 82. According to one embodiment, the gate buffer
well 108 is implanted via an ion implantation process. The
gate buffer well 108 may be as deep or deeper than the
junction implants 88 of the power transistor 80, and surrounds
a first NMOS transistor device 110 and a second NMOS
transistor device 112. The first NMOS transistor device 110
includes a first implant well 114 and a second implant well
116 that is laterally separated from the first implant well 114.
A gate oxide layer 118 is located on the surface of the gate
buffer well 108, such that the gate oxide layer 118 partially
overlaps and runs between the first implant well 114 and the
second implant well 116. A gate contact 120 is located on top
of'the gate oxide layer 118. A shared drain/source contact 124
is located on a portion of the surface of the first implant well
114, such that the shared drain/source contact 124 does not
contact the gate oxide layer 118 or the gate contact 120. A
drain contact 122 is formed on a portion of the surface of the
second implant well 116, such that the drain contact 122 does
not contact the gate oxide layer 118 or the gate contact 120.

The second NMOS transistor device 112 includes the first
implant well 114, a third implant well 126, and a fourth
implant well 128 that is adjacent to the third implant well 126
and laterally separated from the first implant well 114. A gate
oxide layer 130 is located on the surface of the gate buffer
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well 108, such that the gate oxide layer 130 partially overlaps
and runs between the first implant well 114 and the fourth
implant well 128. A gate contact 132 is located on top of the
gate oxide layer 130. A source contact 134 is located on the
surface of a portion of each one of the third implant well 126
and the fourth implant well 128, such that the source contact
134 does not contact the gate oxide layer 130 or the gate
contact 132. The shared drain/source contact 124 is also a part
of the second NMOS transistor device 112.

The drain contact 122 of the first NMOS transistor device
110 is coupled to a supply voltage VDD. The gate contact 120
of the first NMOS transistor device 110 and the gate contact
132 ofthe second NMOS transistor device 112 are coupled to
an input node 136. According to one embodiment, an external
inverter (not shown) is coupled between the gate contact 120
of the first NMOS transistor device 110 and the input node
136. The shared drain/source contact 124 of the first NMOS
transistor device 110 and the second NMOS transistor device
112 is coupled to the gate contact 102 of the power transistor
80 via a wire bond 138 or similar connection. The source
contact 134 of the second NMOS transistor device 112 is
coupled to ground.

The gate buffer well 108 may be about 1.0-3.0 microns
thick. The first implant well 114, the second implant well 116,
the third implant well 126, and the fourth implant well 128
may be about 0.2-1.0 microns thick.

According to one embodiment, the gate buffer well 108 is
a P-doped region with a doping concentration from about
5%10' em™ to 5x10'° cm™>. The first implant well 126 may
be a P doped region with a doping concentration from about
1x10® em™ to 1x10** cm™. The second implant well 116,
the third implant well 114, and the fourth implant well 128
may be N-doped regions with a doping concentration from
about 1x10"® cm™ to 1x10?! cm™>. The N doping agent may
be nitrogen, phosphorous, or any other suitable element, as
will be appreciated by those of ordinary skill in the art. The P
doping agent may be aluminum, boron, or any other suitable
element, as will be appreciated by those of ordinary skill in
the art.

By monolithically integrating the power transistor 80 and
the integrated gate buffer circuitry 82 onto a single semicon-
ductor die, the length of the wire bond 138 between the gate
contact 102 of the power transistor 80 and the shared drain/
source contact 124 of the first NMOS transistor device 110
and the second NMOS transistor device 112 is minimized.
Accordingly, the parasitic inductance associated with the
wire bond 138 will be lower than is otherwise achievable by
conventional means, thereby decreasing the switching time of
the power transistor 80 and reducing distortion in the signal
path of the power transistor 80.

Although the power transistor 80 is shown as a single
transistor device in FIG. 5, those of ordinary skill in the art
will appreciate that the power transistor 80 may comprise any
number of transistor devices. Further, those of ordinary skill
in the art will appreciate that the first NMOS transistor device
110, the second NMOS transistor device 112, or both, may
comprise any number of transistor devices without departing
from the principles of the present disclosure.

FIG. 6 shows the power transistor 80 including integrated
gate buffer circuitry 142 according to an additional embodi-
ment of the present disclosure. The integrated gate buffer
circuitry 142 includes a gate buffer well 144 in the surface of
the drift layer 86 opposite the substrate 84 that runs the length
of the integrated gate bufter circuitry 142. According to one
embodiment, the gate buffer well 144 is implanted via an ion
implantation process. The gate buffer well 144 may run as
deep or deeper than the junction implants 88 of the power
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transistor 80, and surrounds a first PMOS transistor device
146 and a second NMOS transistor device 148. The first
PMOS transistor device 146 includes a body region 150 on
top of'the gate buffer well 144 opposite the drift layer 86. The
body region 150 may comprise silicon carbide (SiC), silicon
(Si), or the like. According to one embodiment, the body
region 150 is an epitaxial layer grown on the surface of the
gate buffer well 144. According to an additional embodiment,
the body region 150 is implanted in the gate buffer well 144.

The first PMOS transistor device 146 may include a first
implant well 152 on the surface of the body region 150 oppo-
site the gate buffer well 144, a second implant well 154 that is
laterally separated from the first implant well 152, and a third
implant well 156 adjacent to and in contact with the second
implant well 154. A gate oxide layer 158 is located on the
surface of the body region 150 opposite the gate buffer well
144, such that the gate oxide layer 158 partially overlaps and
runs between the first implant well 152 and the second
implant well 154. A gate contact 160 is located on top of the
gate oxide layer 158. A drain contact 162 is located on a
portion of the surface of the first implant well 152, such that
the drain contact 162 does not contact the gate oxide layer 158
or the gate contact 160. A source contact 164 is located on a
portion of both the surface of the second implant well 154 and
surface of the third implant well 156.

The second NMOS transistor device 148 includes a fourth
implant well 166 on the surface of the gate buffer well 144
opposite the drift layer 86, a fifth implant well 168 adjacent to
and in contact with the fourth implant well 166, and a sixth
implant well 170 that is laterally separated from the fifth
implant well 168. A gate oxide layer 172 is located on the
surface of the gate buffer well 144 opposite the drift layer 86,
such that the gate oxide layer 172 partially overlaps and runs
between the fitth implant well 168 and the sixth implant well
170. A gate contact 174 is located on top of the gate oxide
layer 172. A source contact 176 is located on a portion of both
the surface of the fourth implant well 166 and the fifth implant
well 168, such that the source contact 176 does not contact the
gate oxide layer 172 or the gate contact 174. A drain contact
178 is located on a portion of the surface of the sixth implant
well 170 such that the drain contact 178 does not contact the
gate oxide layer 172 or the gate contact 174.

The source contact 164 of the first PMOS transistor device
146 is coupled to a supply voltage VDD. The gate contact of
the first PMOS transistor device 146 is coupled to an input
node 180. The drain contact 162 of the first PMOS transistor
device 146 is coupled to an output node 182. The source
contact 176 of the second NMOS transistor device 148 is
coupled to ground. The gate contact 174 of the second NMOS
transistor device 148 is coupled to the input node 180. The
drain contact 178 of the second NMOS transistor device 148
is coupled to the output node 182. The gate contact 102 of the
power transistor 80 is coupled to the output node 182 via the
wire bond 138.

The gate buffer well 144 may be about 1.0-3.0 microns
thick. The body region 150 of the first PMOS transistor device
146 may be about 1.0-5.0 microns thick. The first implant
well 152 and the second implant well 154 of the first PMOS
transistor device 146 may be about 0.2-1.0 microns thick. The
third implant well 156 of'the first PMOS transistor device 146
may be about 0.2-1.0 microns thick. The fourth implant well
166 of the second NMOS transistor device 148 may be about
0.2-1.0 microns thick. The fifth implant well 168 and the sixth
implant well 170 may be about 0.2-1.0 microns thick.

According to one embodiment, the gate buffer well 144 is
a P-doped region with a doping concentration from about
5%10" cm™ to 5x10'° cm™>. The first implant well 152 and
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the second implant well 154 of the first PMOS transistor
device 146 may be P-doped layers with a doping concentra-
tion from about 1x10'® cm™ to 1x10*' cm™. The third
implant well 156 of the first PMOS transistor device 146 may
be an N-type doped region with a doping concentration from
about 1x10'® cm™ to 1x10** ¢cm™>. The fourth implant well
166 of the second NMOS transistor device 148 may be a
P-type doped region with a doping concentration from about
1x10'® cm™ to 1x10** cm™>. The fifth implant well 168 and
the sixth implant well 170 of the second NMOS transistor
device 148 may be N-doped regions with a doping concen-
tration from about 1x10'® cm™ to 1x10** cm™>.

By monolithically integrating the power transistor 80 and
the integrated gate buffer circuitry 142 onto a single semicon-
ductor die, the length of the wire bond 138 between the gate
contact 102 of the power transistor 80 and the output node 182
is minimized. Accordingly, the parasitic inductance associ-
ated with the wire bond 138 will be lower than is otherwise
achievable by conventional means, thereby decreasing the
switching time of the power transistor 80 and reducing dis-
tortion in the signal path of the power transistor 80.

As will be appreciated by those of ordinary skill in the art,
the first PMOS transistor device 146 and the second NMOS
transistor device 148 may comprise any number of transistor
devices without departing from the principles of the present
disclosure.

FIG. 7 shows the power transistor 80 including integrated
gate buffer circuitry 184 according to an additional embodi-
ment of the present disclosure. The integrated gate buffer
circuitry 184 includes a gate buffer well 186 on the surface of
the drift layer 86 opposite the substrate 84 that runs the length
of the integrated gate bufter circuitry 184. According to one
embodiment, the gate buffer well 186 is implanted via n ion
implantation process. The gate buffer well 186 may run as
deep or deeper than the junction implants 88 of the power
transistor 80, and surrounds a first PMOS transistor device
188 and a second NMOS transistor device 190. The first
PMOS transistor device 188 includes a field oxide layer 192
on the surface of the gate buffer well 186 opposite the drift
layer 86, a body region 194 over the field oxide layer 192
opposite the gate buffer well 186, a first implant well 196 on
the surface of the body region 194 opposite the field oxide
layer 192, and a second implant well 198 that is laterally
separated from the first implant well 196. A gate oxide layer
200 is located on the surface of the body region 194 opposite
the field oxide layer 192, such that the gate oxide layer 200
partially overlaps and runs between the first implant well 196
and the second implant well 198. A gate contact 202 is located
on top of the gate oxide layer 200. A drain contact 204 is
located on the surface of a portion of the first implant well
196, such that the drain contact 204 does not contact the gate
oxide layer 200 or the gate contact 202. A source contact 206
is located on the surface of a portion of the second implant
well 198, such that the source contact 206 does not contact the
gate oxide layer 200 or the gate contact 202.

The second NMOS transistor device 190 includes a third
implant well 208 on the surface of the gate buffer well 186
opposite the drift layer 86, a fourth implant well 210 adjacent
to and in contact with the third implant well 208, and a fifth
implant well 212 that is laterally separated from the fourth
implant well 210. A gate oxide layer 214 is located on the
surface of the gate buffer well 186 opposite the drift layer 86,
such that the gate oxide layer 214 partially overlaps and runs
between the fourth implant well 210 and the fifth implant well
212. A gate contact 216 is located on top of the gate oxide
layer 214. A source contact 218 is located on a portion of both
the surface of the third implant well 208 and the fourth
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implant well 210, such that the source contact 218 does not
contact the gate oxide layer 214 or the gate contact 216. A
drain contact 220 is located on a portion of the surface of the
fifth implant well 212, such that the drain contact 220 does not
contact the gate oxide layer 214 or the gate contact 216.

The source contact 206 of the first PMOS transistor device
188 is coupled to a supply voltage VDD. The gate contact 202
of'the first PMOS transistor device 188 is coupled to an input
node 222. The drain contact 204 of the first PMOS transistor
device 188 is coupled to an output node 224. The source
contact 218 of the second NMOS transistor device 190 is
coupled to ground. The gate contact 216 of the second NMOS
transistor device 190 is coupled to the input node 222. The
drain contact 220 of the second NMOS transistor device 190
is coupled to the output node 224. The gate contact 102 of the
power transistor 80 is coupled to the output node 224 via the
wire bond 138.

The gate buffer well 186 may be about 1.0-3.0 microns
thick. The field oxide layer 192 of the first PMOS transistor
device 188 may be about 0.1-2.0 microns thick. The body
region 194 of the first PMOS transistor device 188 may be
about 0.1-2.0 microns thick. The first implant well 196 and
the second implant well 198 of the first PMOS transistor
device 188 may be about 0.1-2.0 microns thick. The third
implant well 208 of the second NMOS transistor device 190
may be about 0.2-1.0 microns thick. The fourth implant well
210 and the fifth implant well 212 of the second NMOS
transistor device 190 may be about 0.2-1.0 microns thick.

According to one embodiment, the gate buffer well 186 is
a P-doped region with a doping concentration from about
5x10" cm™ to 5x10'° cm™>. The first implant well 196 and
the second implant well 198 of the first PMOS transistor
device 188 may be P-doped layers with a doping concentra-
tion from about 1x10'® cm™ to 1x10*' cm™. The third
implant well 208 of the second NMOS transistor device 190
may be a P-type doped region with a doping concentration
from about 1x10"® cm™ to 1x10** cm™>. The fourth implant
well 210 and the fifth implant well 212 of the second NMOS
transistor device 190 may be N-doped regions with a doping
concentration from about 1x10'® cm™ to 1x10** cm™>.

By monolithically integrating the power transistor 80 and
the integrated gate buffer circuitry 184 onto a single semicon-
ductor die, the length of the wire bond 138 between the gate
contact 102 of the power transistor 80 and the output node 224
is minimized. Accordingly, the parasitic inductance associ-
ated with the wire bond 138 will be lower than is otherwise
achievable by conventional means, thereby decreasing the
switching time of the power transistor 80 and reducing dis-
tortion in the signal path of the power transistor 80.

As will be appreciated by those of ordinary skill in the art,
the first PMOS transistor device 188 and the second NMOS
transistor device 190 may comprise any number of transistor
devices without departing from the principles of the present
disclosure.

Those skilled in the art will recognize improvements and
modifications to the preferred embodiments of the present
disclosure. All such improvements and modifications are con-
sidered within the scope of the concepts disclosed herein and
the claims that follow.

What is claimed is:

1. A semiconductor die comprising:

a substrate;

a drift layer on the substrate;

a vertical power transistor comprising:

apair of junction implants in the drift layer and separated
by a JFET region;
a gate oxide layer and a source contact on the drift layer;
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a gate contact on the gate oxide layer; and
a drain contact on the substrate opposite the drift layer;
and

gate buffer circuitry configured to selectively deliver a
biasing signal to the gate contact of the vertical power
transistor for switching the vertical power transistor
between an ON state and an OFF state, the gate buffer
circuitry comprising:

a gate buffer well in the drift layer and adjacent to the
vertical power transistor;

abody region on at least a portion of the gate buffer well;

a first gate buffer transistor within the body region; and

a second gate buffer transistor within the gate buffer
well.

2. The semiconductor die of claim 1 wherein the vertical
power transistor is a metal-oxide semiconductor field effect
transistor (MOSFET).

3. The semiconductor die of claim 1 wherein the vertical
power transistor is a silicon-carbide (SiC) device.

4. The semiconductor die of claim 1 wherein the gate buffer
circuitry is configured to selectively deliver the biasing signal
to the gate contact of the vertical power transistor based on a
received control signal.

5. The semiconductor die of claim 1 wherein the first gate
buffer transistor is a PMOS transistor and the second gate
buffer transistor is an NMOS transistor.

6. The semiconductor die of claim 5 wherein the PMOS
transistor comprises:

the body region;

a first implant well in the body region;

a second implant well that is laterally separated from the
first implant well and in the body region;

a third implant well that is adjacent to and in contact with
the second implant well in the body region;

a gate oxide layer on at least a portion of the body region
such that the gate oxide layer partially overlaps and runs
between the first implant well and the second implant
well;

a gate contact on the gate oxide layer;

adrain contact on at least a portion of the first implant well;
and

a source contact on at least a portion of both the second
implant well and the third implant well.

7. The semiconductor die of claim 6 wherein the NMOS

transistor comprises:

a fourth implant well in the gate buffer well;

a fifth implant well that is adjacent to and in contact with
the fourth implant well in the gate buffer well;

a sixth implant well that is laterally separated from the fifth
implant well and in the gate buffer well;

a gate oxide layer on at least a portion of the gate buffer well
such that the gate oxide layer partially overlaps and runs
between the fifth implant well and the sixth implant
well;

a gate contact located on the gate oxide layer;

a source contact on at least a portion of both the fourth
implant well and the fifth implant well; and

a drain contact on at least a portion of the sixth implant
well.

8. The semiconductor die of claim 6 wherein the body

region is silicon carbide (SiC).

9. The semiconductor die of claim 7 wherein:

the source contact of the PMOS transistor is coupled to a
supply voltage;

the gate contact of the PMOS transistor and the gate contact
of the NMOS transistor are coupled to an input node;
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the drain contact of the PMOS transistor and the drain
contact of the NMOS transistor are coupled to an output
node;

the source contact of the NMOS transistor is coupled to
ground; and

the gate contact of the vertical power transistor is coupled
to the output node.

10. The semiconductor die of claim 5 wherein the PMOS

transistor comprises:

a field oxide layer between the body region and the gate
buffer well;

the body region;

a first implant well in the body region;

a second implant well that is laterally separated from the
first implant well and in the body region;

a gate oxide layer on at least a portion of the body region
such that the gate oxide layer partially overlaps and runs
between the first implant well and the second implant
well;

a gate contact located on the gate oxide layer;

adrain contact on at least a portion of the first implant well;
and

a source contact on at least a portion of the second implant
well.

11. The semiconductor die of claim 10 wherein the NMOS

transistor comprises:

a third implant well in the gate buffer well;

a fourth implant well that is adjacent to and in contact with
the third implant well in the gate buffer well;

a fifth implant well that is laterally separated from the
fourth implant well and in the gate buffer well;

agate oxide layer on at least a portion of the gate buffer well
such that the gate oxide layer partially overlaps and runs
between the fourth implant well and the fifth implant
well;
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a gate contact located on the gate oxide layer;
a source contact on at least a portion of both the third
implant well and the fourth implant well; and
a drain contact on at least a portion of the fifth implant.
12. The semiconductor die of claim 11 wherein the body
region is silicon (Si).
13. The semiconductor die of claim 11 wherein:
the source contact of the PMOS transistor is coupled to a
supply voltage;
the gate contact of the PMOS transistor and the gate contact
of the NMOS transistor are coupled to an input node;
the drain contact of the PMOS transistor and the drain
contact of the NMOS transistor are coupled to an output
node;
the source contact of the NMOS transistor is coupled to
ground; and
the gate contact of the vertical power transistor is coupled
to the output node.
14. The semiconductor die of claim 1 wherein:
the first gate buffer transistor is a PMOS transistor com-
prising a gate contact coupled to an input node, a source
contact coupled to a supply voltage, and a drain contact
coupled to an output node; and
the second gate buffer transistor is an NMOS transistor
comprising a gate contact coupled to the input node, a
drain contact coupled to the output node, and a source
contact coupled to ground.
15. The semiconductor die of claim 14 wherein the gate
contact of the vertical power transistor is coupled to the out-
put node.



